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I n t roduc t i on :  

A number o f  t e c h n i c a l ,  environmental,  economic and P o l i t i c a l  problems remain t o  
be solved be fo re  in situ e x t r a c t i o n  of hydrocarbons from oil  sha le  depos i t s  becomes 
a p r a c t i c a l  r e a l i t y  ( I ) .  O f  all the t e c h n i c a l  problems, perhaps the most chal leng- 
i ng  i s  t h a t  o f  p r e p a r i n g  t h e  resource bed on t h e  massive sca le  and w i t h  the  con t ro l  
and p r e c i s i o n  r e q u i r e d  f o r  commercial e x p l o i t a t i o n .  A l though the  requirements are 
not  yet f u l l y  def ined,  i t  i s  g e n e r a l l y  agreed t h a t  a proper ly-prepared i n  situ o i l  
shale r e t o r t  would have t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

a )  The p a r t i c l e  s i z e  d i s t r i b u t i o n  achieved by the  process should peak i n  the 
range o f  t h a t  r e q u i r e d  f o r  maximum e x t r a c t i o n  e f f i c i e n c y .  
t i c s  and process s t u d i e s  p laces  t h i s  range as r o u g h l y  5-50 cm, w i t h  t h e  peak around 
IO cm. 

Current  chemical kine- 

b) Void d i s t r i b u t i o n s  i n  bo th  the  h o r i z o n t a l  and v e r t i c a l  sense must be uni- I 
form i n  o rde r  t o  ach ieve  a s t a b l e  f lame f r o n t  and a v o i d  channeling. 

m c) The p e r m e a b i l i t y  o f  t h e  r e s u l t a n t  r u b b l e  p i l e  must be s u f f i c i e n t  t o  support 
p y r o l y s i s  and a l l o w  removal o f  r e t o r t e d  products .  

d) F ines produced i n  t h e  r u b b l i z a t i o n  process must be min imal ,  bo th  t o  avoid 
p lugg ing  t h e  pores through which the  gases and o t h e r  products  must move and t o  
maximize t h e  e f f i c i e n c y  o f  t h e  r u b b l i z a t i o n  event. 

e) The r u b b l i z e d  volume must be w e l l  de f i ned ,  w i t h  maximum r e s i d u a l  w a l l  and 
r o o f  i n t e g r i t y  i n  o r d e r  t o  p rov ide  r e t o r t  s t a b i l i t y ,  containment o f  combustion pro- 
ducts, sa fe ty  f o r  workers i n  ad jacen t  areas, and maximum u t i l i z a t i o n  o f  the re -  
source. 

f) The economics o f  t he  process must be favo rab le .  

Obviously, t h e  f i n a l  r e s u l t  must be a compromise between t h e  i d e a l  and that  
which i s  achievab\e.  A t  present ,  chemical e x p l o s i v e s  appear t o  be t h e  most 
f e a s i b l e  method f o r  ach iev ing  these goals ,  but  p resen t  b l a s t i n g  technology i s  
c e r t a i n l y  n o t  s u f f i c i e n t l y  well-advanced t o  guarantee any success o f  t h e  event, 
much less  t e c h n i c a l  and economic o p t i m i z a t i o n .  m 

For t h i s  reason, the Los Alamos S c i e n t i f i c  Labora to ry  and Sandia Laborator ies 
have j o i n t l y  under taken a bas i c  research program, under the  auspices o f  the Energy 
Research and Development Admin i s t ra t i on ,  aimed a t  producing a c o n t r o l l e d ,  p red ic t -  
ab le,  and o p t i m i z e d  breakage p a t t e r n  i n  western, o r  Green River ,  o i l  shale. The 
work o f  Los Alamos i s  p r e s e n t l y  d i r e c t e d  p r i m a r i l y  toward the  mod i f i ed  in situ tech- 
nology, i n  which v o i d  space and f r e e  faces can be c rea ted  by conven t iona l  mining 
operat ions,  a l t hough  the  r e s u l t s  w i l l  be a p p l i c a b l e  t o  des ign  o f  t r u e  in s i t u  oper- 
a t i o n s  as we l l .  T h i s  i s  a long-term and c o n t i n u i n g  program which w i l l  i n v o l v e  a 
cons iderable e f f o r t  b o t h  i n  t h e  l a b o r a t o r y  and t h e  f i e l d .  T h i s  r e p o r t  i s  therefore 
intended o n l y  t o  i n d i c a t e  the  d i r e c t i o n  o f  t h e  program and t h e  long- term goals. 
However. t h e  impor tance o f  t he  program t o  the  even tua l  success o f  in s i t u  technology 
makes i t  d e s i r a b l e  for chemical and process eng ineers  t o  be aware o f  t h e  d i f f i c u l -  
t i e s ,  p o s s i b i l i t i e s ,  and achievements o f  research  o n  the  bed p repara t i on  problem. 
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Program Out1 ine: 

The labo ra to ry  phase o f  t h e  program f a l l s  i n t o  t h r e e  c l e a r l y  d e f i n e d  bu t  
c I ose l  y r e l a t e d  ca tegor ies :  

a) Measurement o f  m a t e r i a l  p r o p e r t i e s  o f  o i l  shale.  The Los Alamos e f f o r t  i s  
concentrated on measurement o f  p r o p e r t i e s  o f  t he  sha le  sub jec ted  t o  h i g h  s t r a i n  r a t e  
loading such as i s  encountered i n  an e x p l o s i v e  event. Wave propagat ion c h a r a c t e r i s -  
t i c s ,  such as Hugoniots and wave p r o f i l e s  on shock and re lease,  a r e  measured i n  
o rde r  t o  determine the  s t r e s s  f i e l d .  T h i s  s t r e s s  f i e l d  must then be r e l a t e d  t o  t h e  
dynamic f a i l u r e  sur faces and t h e  k i n e t i c s  o f  t h e  f r a c t u r e  process. 
these dynamic m a t e r i a l s  p r o p e r t i e s  i s  a program which i s  w e l l  advanced. 

Measurement o f  

b) Measurement o f  non-ideal e x p l o s i v e  behavior .  D e t a i l e d  knowledge o f  the 
de tona t ion  c h a r a c t e r i s t i c s  o f  ANFO and o t h e r  commercial exp los i ves  i s  r e q u i r e d  i n  
o rde r  t o  d e f i n e  the i n i t i a l  c o n d i t i o n s  o f  t h e  expanding s t r e s s  waves i n t o  t h e  o i l  
shale. T a i l o r i n g  o f  t h e  e x p l o s i v e  impulse t o  the  response o f  t he  rock  i s  a l s o  an 
eventual  goal which should r e s u l t  i n  reduced f i n e s  around t h e  borehole and en- 
hanced energy t r a n s f e r  t o  the  f a r - f i e l d  reg ion.  
gases i n  propagat ing r a d i a l  cracks i s  a l s o  a sub jec t  o f  i n t e r e s t .  T h i s  work i s  
p r e s e n t l y  underway. 

The e f f e c t  o f  expanding e x p l o s i v e  

c) Computer model ing. Lagrangian and E u l e r i a n  hydrodynamic computer codes a r e  
being used t o  synthes ize t h e  m a t e r i a l s  and e x p l o s i v e  p r o p e r t i e s  i n t o  a coherent  
p i c t u r e  of  the event. I d e a l l y ,  t h e  codes cou ld  be used bo th  as a des ign t o o l  f o r  
shot l ayou t  and as a p r e d i c t i v e  t o o l  f o r  shot  o p t i m i z a t i o n .  A s e r i e s  o f  f i e l d  
t e s t s  s p e c i f i c a l l y  designed f o r  t e s t i n g  the  p r e d i c t i v e  c a p a b i l i t y  o f  the codes a r e  
requ i red  be fo re  t h e  codes can be used w i t h  conf idence.  These t e s t s  c o n s t i t u t e  a 
major p a r t  o f  t he  l a t t e r  stages o f  t h e  program. 

Resul ts  t o  Date: 

I n  t h e  f i r s t  few months o f  t h e  program, a t t e n t i o n  has been d i r e c t e d  p r i m a r i l y  
toward propagat ion c h a r a c t e r i s t i c s  of t h e  s t r e s s  waves r a t h e r  than t h e  dynamic 
f r a c t u r e  p r o p e r t i e s  o f  t he  ma te r ia l .  A t  low pressures, t h i s  i s  a p a r t i c u l a r l y  com- 
p l e x  problem because o f  t h e  a n i s o t r o p i c  na tu re  o f  t h e  m a t e r i a l  and i t s  non - l i nea r  
response t o  dynamic s t resses.  F igu re  1 shows t h e  us-up Hugoniots i n  the  pressure 
reg ion  o f  50-200 kb o f  o i l  shales o f  v a r y i n g  d e n s i t y  o b t a i n e d  from e x p l o s i v e  ex- 
periments on small  samples. T h i s  pressure range i s  t h a t  which would be experienced 
i n  the  n e a r - f i e l d  r e g i o n  around a borehole,  and l i e s  j u s t  below t h e  s l u g g i s h  but  
large-volume phase t rans fo rma t ion  i d e n t i f i e d  i n  do lomi te.  The Hugoniot  of a m a t e r i a l  
i s  t he  locus o f  thermodynamic e q u i l i b r i u m  s t a t e s  a t t a i n a b l e  by a s i n g l e  shock a long  
which t h e  energy i s  known, a l t hough  no t  constant ,  and i s  fundamental t o  t h e  sc ience 
o f  shock wave phys ics (2). Here, us i s  t h e  v e l o c i t y  o f  propagat ion of t h e  shock 
f r o n t ,  and up i s  t h e  assoc ia ted  m a t e r i a l ,  o r  p a r t i c l e ,  v e l o c i t y .  The shock v e l o c i -  
t i e s  were measured by high-speed smear cameras which recorded the  t r a n s i t  t imes 
through small  samples, and the  p a r t i c l e  v e l o c i t i e s  were determined by impedance 
matching aga ins t  an aluminum a l l o y  standard. The f a m i l y  o f  Hugoniots  shows a w e l l -  
def ined sequence from t h e  low d e n s i t y ,  o r  h i g h  kerogen con ten t ,  samples t o  t h e  h i g h  
d e n s i t y  samples. 
v e l o c i t y - p a r t i c l e  v e l o c i t y  p lane  t o  the  p r e s s u r e - r e l a t i v e  volume p lane by use o f  t he  
Rankine-Hugoniot conse rva t i on  r e l a t i o n s ,  which r e q u i r e  e q u i l i b r i u m  f o r  t h e i r  v a l i d i t y .  
The s o l i d  l i n e s  on these p l o t s  a r e  n o t  f i t s  t o  the  data,  b u t  r a t h e r  c a l c u l a t i o n s  
based on a s imple m i x i n g  theo ry  known t o  be g e n e r a l l y  v a l i d  f o r  m i x t u r e s  o f  non- 
r e a c t i n g  components. The Hugoniots and thermodynamic parameters f o r  t he  end members 
o f  pure kerogen and t h e  l ean  rock  m a t r i x  must be known. 
the  work on do lomi te  by Grady, et a l .  (3) and from e x t e n s i v e  shock wave work on  rocks 
and m ine ra l s  and on polymers performed a t  Los Alamos i n  the  past  (4,5). 

F igu re  2 shows these k inemat i c  da ta  t ransformed from t h e  shock 

These have been ob ta ined  from 

I t  i s  
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evident  t h a t  t he  t h e o r e t i c a l  Hugoniots a r e  q u i t e  adequate t o  reproduce the  data, 
and t h a t  Hugoniots o f  o i l  sha le  w i t h  a r b i t r a r y  kerogen con ten t  can now be c a l c u l a -  
t ed  w i t h  confidence. 
t heo r ies  such as t h a t  o f  Mie-Gr ine isen must be used t o  c a l c u l a t e  t h e  equat ion Of  

s t a t e  E ( P , V )  o f f  t h e  Hugoniot ,  such as a long  an i sen t rope  o r  isotherm. Samples 
were a l s o  f i r e d  w i t h  v a r y i n g  o r i e n t a t i o n  o f  t he  shock wave t o  t h e  bedding planes, 
and no s i g n i f i c a n t  o r i e n t a t i o n  e f f e c t s  have been found a t  these h i g h  pressures. 
Experiments a r e  underway t o  determine wave an iso t ropy  a t  lower pressures,  where 
those e f fec ts  should be l a r g e r .  

These Hugoniots inc lude the  e f f e c t  of shock hea t ing ,  and 

I n  o rde r  t o  e s t a b l i s h  t h e  i n i t i a l  low p ressu re  response o f  o i l  sha le  t o  bo th  
s t a t i c  and dynamic s t resses ,  a program t o  determine t h e  e l a s t i c  constants  a t  ze ro  
pressure as a f u n c t i o n  o f  kerogen content  has been under taken (6). The sha le  has 
been t rea ted  w i t h  t h e  model o f  a t ransve rse l y  i s o t r o p i c  m a t e r i a l ,  a reasonable 
aSSUmptiOn i n  view o f  t h e  bedded na tu re  o f  t h e  m a t e r i a l .  Pulse-echo techniques 
were used t o  determine t r a n s v e r s e  and l o n g i t u d i n a l  sound v e l o c i t i e s  as func t i ons  o f  
o r i e n t a t i o n  i n  smal l ,  c a r e f u l l y  prepared samples. The r e s u l t s  a r e  shown i n  F igu re  
3,  where V I ,  V3: and V 5  a r e  l o n g i t u d i n a l  v e l o c i t i e s  p a r a l l e l ,  pe rpend icu la r ,  and 
4 5 O  t o  the  bedding p lanes and V4 and V 6  a r e  shear v e l o c i t i e s  p a r a l l e l  to  t he  
bedding w i t h  p a r t i c l e  mot ions pe rpend icu la r  and p a r a l l e l  t o  the bedding respec t i ve l y .  
From these f i v e  q u a n t i t i e s ,  t h e  va r ious  mechanical p r o p e r t i e s  o f  o i l  sha le  such as 
e l a s t i c  modul i ,  b u l k  modulus, and Poisson 's  r a t i o  a r e  r e a d i l y  o b t a i n a b l e  as func- 
t i o n s  o f  dens i t y  o r  kerogen content .  The d i s c o n t i n u i t y  i n  s lope  observed f o r  a l l  
the sound v e l o c i t i e s  a t  a d e n s i t y  s l i g h t l y  above 2.0 g / c d  i s  t e n t a t i v e l y  a t t r i b u t e d  
t o  the  f a c t  t h a t  below t h i s  d e n s i t y  the rock p a r t i c l e s  f l o a t  more o r  l e s s  d i s c r e t e l y  
i n  a m a t r i x  o f  kerogen and t h e  p r o p e r t i e s  o f  t he  kerogen l a r g e l y  determine the  
e l a s t i c  p r o p e r t i e s  o f  t h e  sha le .  A t  h ighe r  d e n s i t i e s ,  t he  rock  p r o p e r t i e s  p lay  a 
more important r o l e .  We i n t e n d  t o  con t inue  such measurements under a h y d r o s t a t i c  
environment up t o  pressures o f  about IO kb. 

Gas guns, w i t h  bo res  ranging i n  d iameter  from 2" to 6". a r e  being used f o r  
d e t a i l e d  study o f  low-pressure wave p r o f i l e s  b o t h  on l oad ing  and re lease  w i t h  t h e  
expec ta t i on  t h a t  these p r o f i l e s  w i l l  have an impor tant  e f f e c t  on f r a c t u r e  k i n e t i c s .  
There i s  good reason t o  b e l i e v e  t h a t  t h e  h i g h  e x p l o s i v e  p r o p e r t i e s  can be tuned t o  
take advantage o f  t h e  dynamic response o f  t h e  s h a l e  i n  t h i s  p ressu re  range, as 
evidenced by these p r o f i l e s ,  and thereby promote d e s i r a b l e  f r a c t u r e  c h a r a c t e r i s t i c s  
(7 ) .  
t y p i c a l  d iagnos t i cs  used i n  these experiments. Other q u a n t i t i e s  amenable t o  
measurement us ing these techniques i nc lude  a t t e n u a t i o n  parameters, low pressure 
Hugoniots and dynamic s p a l l  s t reng ths .  
performed, a l t hough  d i s c u s s i o n  o f  them i s  as y e t  premature. As an example o f  t h e  
k i n d  o f  experiment which can be u s e f u l  i n  d e f i n i n s  t h e  f r a c t u r e  c h a r a c t e r i s t i c s  of  
o i l  shale, F igu re  4 shows t h e  v e l o c i t y  o f  t h e  f r e e  s u r f a c e  o f  an o i l  sha le  sample 
as a f u n c t i o n  of t i m e  when t h e  m a t e r i a l  i s  sub jec ted  t o  a p lane  impact s t r e s s  of  
about 5 kb. This  reco rd  was ob ta ined  us ing  t h e  dc c a p a c i t o r  technique,  i n  which a 
t h i n  m e t a l l i c  c o a t i n g  i s  p laced on t h e  f r e e  su r face  and the  t ime  r a t e  of change o f  
capacitance between t h e  f r e e  s u r f a c e  and a charged p a r a l l e l  p l a t e  i s  moni tored.  
I n t e r n a l  tens ion due t o  t h e  r a r e f a c t i o n s  sends a s i g n a l  which w i l l  decrease the 
f ree  surface v e l o c i t y  and which can be d i r e c t l y  r e l a t e d  t o  the  t e n s i l e  s t r e s s  
necessary t o  cause s p a l l  f r a c t u r e .  I n  t h i s  experiment, t h e  bedding planes were 
a l i gned  a long the d i r e c t i o n  o f  shock propagat ion.  
n a t i o n  of  s p h e r i c a l  charges i n  meter-s ize b locks  of o i l  shale w i t h  pressure and 
p a r t i c l e  v e l o c i t y  gages t o  mon i to r  wave p ropaga t ion  and f l a s h  x rad iography t o  v iew 
c a v i t y  format ion and n e a r - f i e l d  behavior .  
ments, o f  course, i s  t o  sma l l - sca le  f i e l d  events  which w i l l  t e s t  o u r  a b i l i t y  t o  
p r e d i c t  the breakage p a t t e r n  r e s u l t i n g  from any g i v e n  e x p l o s i v e  c o n f i g u r a t i o n ,  a 
p r e r e q u i s i t e  t o  o p t i r n i z a t  i on .  

Pressure gages, magnet ic  probes, p i n s ,  and f r e e - s u r f a c e  c a p a c i t o r  gages a r e  

Many o f  these exper iments have a l ready been 

Other  exper iments i n c l u d e  deto-  

The l o g i c a l  ex tens ion  o f  these exper i -  
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F i g u r e  3. Zero-pressure sound v e l o c i t i e s  f o r  
o i l  s h a l e  a s  a f u n c t i o n  of d e n s i t y ,  o r  kerogen 
c o n t e n t .  These d a t a  a l l o w  c a l c u l a t i o n  o f  zero- 
p r e s s u r e  e l a s t i c  moduli ,  assuming t r a n s v e r s e  
i q o t r o o v .  
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F i g u r e  4. T y p i c a l  c a p a c i t o r  f r e e - s u r f a c e  r e c o r d  showing 
s p a l l a t i o n  of o i l  shale  s u b j e c t e d  t o  a 5-kb shock. 
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I n  Order t o  demonstrate a q u a n t i t a t i v e  understanding o f  t h e  m a t e r i a l  response 
obta ined by experiment, e f f o r t s  a r e  underway t o  model the r e s u l t s  o f  t h e  one- 
dimensional experiments desc r ibed  above. Large-two dimensional Lagrangian and 
Eu le r ian  hydrodynamic codes o r i g i n a l l y  used f o r  weapons e f f e c t s  c a l c u l a t i o n s  have 
been modi f ied t o  a l l o w  for p l a s t i c  an i so t ropy ,  aga in  assuming t r a n s v e r s e  i so t ropy .  
These codes a re  also be ing  used f o r  des ign and a n a l y s i s  o f  the l a r g e - b l o c k  e x p e r i -  
ments mentioned e a r l i e r .  T h i s  work i s  w e l l  underway, but d e t a i l e d  d i s c u s s i o n  o f  
t he  r e s u l t s  would be premature. Success o f  t h e  codes i n  p r e d i c t i n g  t h e  r e s u l t s  o f  
a la rge-scale r u b b l i z a t i o n  e f f o r t  in t h e  f i e l d  w i l l  be t h e  t e s t  o f  o u r  q u a n t i t a t i v e  
understanding of t h e  p h y s i c a l  processes i nvo l ved  i n  b l a s t i n g .  

Sumnary: 

Since the  program i s  s t i l l  i n  i t s  in fancy.  u s e f u l  r e s u l t s  t o  d a t e  a r e  ve ry  
p re l im ina ry  and t h i s  paper i s  intended o n l y  as a program review. Even tua l l y .  
t h e r e  must be c l o s e r  c o l l a b o r a t i o n  between those concerned w i t h  e x t r a c t i o n  
e f f i c i e n c y  and those who can s e t  t h e  a t t a i n a b l e  l i m i t s  on the p r o p e r t i e s  o f  t he  r e -  
t o r t  bed. I t  i s  hoped t h a t  t h e  r e s u l t s  o f  t h i s  s tudy w i l l  have a favo rab le  i n -  
f luence on dec i s ions  a f f e c t i n g  t h e  f u t u r e  u t i l i z a t i o n  o f  t h e  o i l  sha le  resource. 
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